The growth of color centers during irradiation, and the decay after irradiation, has been studied in two glasses using recently developed equipment for making optical absorption and luminescence measurements during and after electron irradiation. The glasses studied were NBS 710, a soda-lime silicate glass and NBS 711, a lead-silicate glass. Both glasses exhibit similar coloring characteristics. The radiation induced absorption spectra consists of a weak Gaussian shaped band in the visible, a stronger Gaussian band in the ultra violet and a band edge "shift" which may be accurately approx-imated by a third Gaussian band. For all absorption bands the color center vs. dose (or irradiation time) curves can be accurately resolved into two saturating exponential and one linear component. The decay curves obtained after the irradiation is terminated can be accurately expressed by three exponential components. Coloring and decay curves madeat different dose rates indicate that the processes responsible for decay after irradiation and electron hole recombination during irradiation play important roles in determining the rate and extent of coloring. The results are qualitatively in agreement with some very simple kinetic treatments for color center formation. In some, but not all, respects the quantitative agreement is also good.
Introduction
In the past, almost all radiation effect studies on glasses, as well as most other materials, have been made by first irradiating a sample and then transporting it to a separate instrument for measurement at a later time. Recently, equipment has been completed for making simultaneous optical absorption and luminescence measurements on optical materials during 0.5 to 3 MeV electron irradiation. With this equipment, in addition to determining the absorption and luminescence present during irradiation, one determines changes in absorption and any phosphorescence which may occur after the irradiation is terminated. Described below is, as far as can be determined, the first report of measurements of the coloring of glasses during continuous, or steady-state, electron irradiation.
Previously, similar studies were made on barium aluminoborate glasses during steady-state Co gammaray irradiation.
Also, a number of glasses intended for fibre optic applications have been studied during pulse and steady-state x-ray irradiation and pulse electron irradiation. ' 3 The completed studies have provided a number of qualitative and quantitative results which indicate that electron irradiation experiments would provide appreciable new information on the physical processes contributing to the coloring of glasses by radiation. For example, electron irradiations can be made at dose rates comparable to those used previously, as well as at rates thousands of times higher. Also, by varying the energy of the bombarding electrons one can determine if atom displacements are important contributors to the damage process in glass.
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Most importantly, however, measurements on the growth of the coloring during irradiation, and the changes occurring after irradiation, are the best possible way of studying the kinetics of the radiation-induced processes in glasses -and other materials. In particular, when the coloring is unstable at the irradiation temperature, as in the results reported here, measurement of the entire absorption spectrum during irradiation allows one to obtain accurate kinetic information, free of corrections for decay, spectral shifts, etc. This paper will describe studies designed to emphasize the kinetic aspects of the radiation-induced coloring of glasses.
Experimental Ecuiument and Methods
The equipment used for these measurements will be outlined briefly since it has been described previously and a detailed description will be published.
Bombarding electrons between 0.5 and 3.0 MeV are produced in a vertical accelerator and magnetically deflected down a horizontal beam tube to the sample area. This tube is equipped with focusing coils, a thin gold scatterer to insure that the sample is uniformly irradiated, and several Faraday cups. One of the cups is located behind the sample to continuously record the current incident on the sample. The energy is adjusted to insure that the bombarding particles pass through Optical absorption and luminescence measurements are made with the computer controlled double-beam spectrophotometer shown in Fig. 1 . One monochromator provides a monochromatic beam for absorption measurements. The sequentially chopped and split beam is focused into sample and reference images in the irradiation chamber. Thus both beams are subjected to equal changes in window absorption, air glow, and any other perturbations occurring during irradiation.
After passing through the target area, beams are focused on monochromators which serve as tunable optical bandpass filters. (Actually, for the measurements described in this paper, a single "filter" monochromator was used in the sample beam and the reference beam focused directly on a phototube. This arrangement is quite adequate for these studies since the glass samples did not produce strong luminescence.)
The filters prevent all luminescence from reaching the phototubes except in the wavelength region specified. This increases the signal to noise ratio for absorption measurements by orders of magnitude in the presence of luminescence. Also, the sample beam filter monochromator is used to measure the luminescence spectrum.
At each wavelength, four measurements are made. The sequence is given in Fig. 2 . At each point signal averaging is employed. The data, sample temperature, beam current, etc., are stored in the computer. After each scan, which occurs every 40 sec. or longer, the data is transferred to magnetic tape. The computer specifies wavelengths, the time interval between scans, etc.
The recorded data is processed using a large computer. Each scan, which consists of up to 256 points in the region 200 to 400 nm (6.2 to 3.1 eV) of 400 to 800 nm (3.1 to 1.5 eV), provides both an absorption and a radioluminescence emission spectrum. These spectra are fully corrected for radiation induced absorption and luminescence in the target chamber windows, air glow, etc. Figure 3 represents two absorption measurements on NBS 710 glass, one in the visible and the other in the ultraviolet, which were "joined" during processing. It shows both the growth of the coloring during irradiation and the decay after irradiation.
Once a data set, e.g. Fig. 3 , has been obtained additional analysis is straightforward. Usually the first step is the resolution of typical absorption spectra into absorption bands. There is considerable evidence to conclude that bands in glass are Gaussian shaped. '3,6 Also, the resolution into bands is readily accomplished with a computerized best-fit procedure.
Next, growth and decay curves are plotted for each band. In turn, these are analyzed to determine the growth and decay kinetics. Actually, the best procedure is to resolve all recorded spectra into Gaussian shaped bands and construct growth and decay curves from this data. However, this is fairly laborious and requires extensive computer time.
Experimental Results

Radiation-Induced-Absorption Spectra
The absorption spectra induced by electron bombardment of NBS 710 and NBS 711 glasses are shown in Figs. 4 and 5. In each case, the spectra can be resolved into three components: a weak Gaussian band in the visible, a stronger Gaussian band in the u.v. and an "absorption edge shift", represented by the low energy wing of a third Gaussian ( "edge" where at(t) is the absorption coefficient and t the irradiation time. The fitting is accomplished by a computerized least-squares procedure, based on a technique used in radioactive decay analysis. The constants from the fit were used in Equation (1) to compute the solid line through the data points in Fig. 6 . Similar growth curves have been constructed at various photon energies in the absorption spectra of NBS 710 and NBS 711 glasses. In every case it is possible to clearly resolve the absorption growth curves into two saturating exponential components and one linear component. Figure 7 demonstrates that Equation (1) describes growth curves for NBS 711 glass, recorded under similar irradiation conditions. Further, while the current data is not sufficiently extensive for a detailed comparison, there appears to be a definite similarity in the ai constants obtained by fitting Equation (1) to the growth curves for NBS 710 and 711 glasses. The ai coefficients measured at comparable dose rates in the two glass types agree to within 50%, as shown in Table 2 . 
Growth of Radiation-Induced Absorption
The irradiation-induced absorption in both NBS 710 and NBS 711 glasses shows an initial rapid growth at the onset of electron bombardment and increases more slowly as the irradiation progresses. The relative growth rate of the irradiation induced absorption, expressed as percent change in absorption per unit irradiation time, depends only slightly on photon energy, i.e. the individual components of the composite spectra increase at practically the same rate.
The growth of the absorption at 4.0 eV in NBS 710 glass is shown in Fig. 6 . This data can be accurately fitted by the expression (2) in the text. Table 2 a. coefficients in Equation (1) 
where (x(t) is the absorption coefficient and t' the time at which the irradiation is terminated. The fitting procedure is similar to that mentioned above, sec . In the NBS 710 glass, the visible absorption decreases more quickly than the u.v. absorption, indicating that the different components of the spectrum decay at different rates.
Growth and Decay Curves at Various Dose Rates
The dose rate dependence of the parameters in Equations (1) and (2) has been studied in NBS 710 glass. Figure 9 contains growth curves at 2.6 eV for different dose rates. The curves were generated from Equation (1) using the parameters given in Table 3 . The figure indicates that the saturation level increases with increasing dose rate. This corresponds to the increase in A1 + A2' in Equation (1) with dose rate shown in Table 2 . At higher dose rates saturation is reached more quickly; the a1 and a2 coefficients increase with dose rate. Finally, the linear term aL generally increases with increasing dose rate-.
Decay curves obtained after irradiations at different dose rates are shown in Fig. 10 . The data was recorded immediately after the curves given in Fig. 9 were obtained. In all cases the samples were colored well into the linear region prior to the decay measure- . Growth curves of the absorption at 2.6 eV in NBS 710 glass at different dose rates. The dose rates are given at the right of each curve. The curves were generated by plotting the best fit analytic expressions for at(t) as given by Equation (1).
ments. The curves in Fig. 10 were computed from Equation (2), using the parameters in Table 4 and normalizing the absorption to unity at the time origin. The figure shows that the initial portion of the decay becomes more pronounced with increasing dose rate. More specifically, Table 3 Growth curve parameters at 2.6 eV in NBS 710 glass from Equation (1) 
Analysis and Interpretation of Results
Several of the results presented in the previous section can be qualitatively understood on the basis of a simple kinetic model for color-center formation. This model, which has been discussed in detail in conjunction with other coloring kinetics studies will be only outlined here. 1,5,9 Assume first that an initial precursor (charge trap) concentration P . exists in the glass before irradiation, and that additional precursors are created at a constant rate Ki during irradiation. Second, assume that during irradiation, carrier trapping at precursors proceeds at a rate proportional to the number of empty precursor sites, with rate constant Fi. Finally, assume that both thermal untrapping and carrier recombination remove charges from precursor traps at rates proportional to the concentration of trapped charges, the respective rate Table 4 Decay curve parameters at 2.6 eV in NBS 710 glass from Equation (2) , for several dose rates. 
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The first term on the right represents the release of carriers from the center under observation while the second term results from the thermally activated release of oppositely charged carriers from other traps. If one assumes that the release of carriers from these traps obeys the Arrhenius equation, and that a constant fraction of these carriers recombine at the color center under observation, one immediately obtains a solution of (5) which is in agreement with the data described by Equation (2) .
Data obtained at different dose rates are consistent with the models discussed above. The detailed relations between the constants appearing in Equations (3) and (4) Table 3 are plotted vs. dose rate in Fig. 11 . The plot shows that Equation (6) is fairly well obeyed for both a1 and a2. Extrapolation to = 0 gives non-zero values for the U, which is in accord both with the observed and dose rate effects and the instability of the coloring at the irradiation temperature.
One would expect that the decay coefficients d.
would be largely independent of dose rate or total dose, while the initial values of N. and N. would de-1 J pend upon the previous irradiation history. This behavior is roughly in accord with the results given in Table 3 . In addition, the di values for the two short lived components are not markedly different from Ui values estimated by applying Equation (6) to the growth curve data. It should be made clear, however, that multiple decay components, as well as multiple growth components, can be attributed to overlapping bands.
